Abstract. -Site degenerate electronic defect states in oxide materials generally are stabilized against tunneling by electron-phonon coupling, forming small polarons. Their properties, especially optical absorption, are exemplified with a two-state system (Si0 2 : EJ). Generalizations to more complicated systems are given (MgO : V~, Si0 2 : [A1]°, etc.). The impact on applicational aspects, including radiation induced optical attenuation of glass fibers, is emphasized.
1. Introduction. -The investigation of optical transitions associated with defects in insulating or semiconducting crystals has so far mostly been concerned with excitations of the type shown in figure la. They occur between levels which are split apart in a rigid lattice already. In this paper, in contrast, I shall address myself to properties, mostly optical, of defects involving multiply site degenerate electronic states, figure \b. It is evident that a single one of these states is non-stationary; and the eigenstates are linear combinations of the site degenerate states, consistent with the symmetry group of the defect. In spite of this, in many instances and most often in oxide materials, defects are found, especially by ESR, where the symmetry is broken, i.e. where an electron or a hole is met in a single one of the site degenerate states. Apparently a symmetry breaking interaction is active then, localizing the carrier at one site for at least the characteristic time of the experiment. Electron-phonon coupling is the most important such influence.
The most conspicuous property of these centres is their strong optical absorption, which leads to intense coloration if the respective bands extend into the visible.
Starting with a two-well system. I shall outline some polaronic properties of such centres. All examples given are based on microscopic models established by ESR. For brevity mainly non-transition metal oxides will be treated. 
8) AE
E+ -E-H~W Figure 3 shows the essential features describing the vibronic properties of such a system. Without symmetry breaking, tunneling leads to a splitting of 2 J between symmetric and antisymmetric orbital, line 1. The coupling to an asymmetric vibrational mode, configuration coordinate Q, is shown by the Hamiltonian, given in the I s ), 1 a )-basis (2) . V is the coupling parameter, and the structure of the matrices is determined by the symmetry of the interacting mode. Since the system is found to have settled either in the right or the left well, the symmetry breaking term VQ is dominant and so it is advantageous to formulate the problem in the ( 1 ), I r )-basis (3).
The eigenvalues are given in (4), pictorially interpreted in the lower right of the figure. I 1 ) and I r ) are only approximate eigenfunctions. I 1' ) and ) r' ) include admixtures of the opposite wells induced by J ; AE is the difference between the diagonal elements, 2 VQ. It can be shown that this is equal to E+ -Eat Q,, the configuration coordinate producing the energy minimum, and nearly so at other values of Q.
For strong coupling the wavefunctions $I and $, are Born-Oppenheimer products, 1 i. ) and I p ) being the vibrational functions for the case that I 1 ) and I r.) are the appropriate electronic wavefunctions.
For simplicity, overlap corrections have not been considered in the treatment.
The formulation given is that of a Pseudo-JahnTeller effect (PJTE) [I, 2, 31, A true JTE would be at hand in case of degeneracy between I s ) and I a ). When the system has stabilized in one of the two wells, it is characterized by a carrier trapped In spite of the similarity to familiar JT problems, involving e.g. degenerate d-states in crystals, the present case shows an essential difference : the (nearly) degenerate electron states I s > and 1 a ) have opposite parity. Any mixture between them, induced by the symmetry breaking interaction, will produce electronic electric dipole moments. These will couple strongly to electric fields, due for instance to charged defects or to light impinging on the crystal. These polaron systems therefore are very susceptible to perturbation by defects and give rise to strong optical effects. I shall therefore emphasize mostly optical investigations of these systems, although many other experimental methods are applicable and have been or can be used : ESR, ENDOR, ELDOR, paraelectric and acoustic resonance, dielectric and anelastic relaxation, dichroism under electric and magnetic fields or stress. The mechanism of the optical absorption of such a two-well polaron system is given in figure 4. Line 1 : W(o) is the probability that a photon is absorbed in unit time and unit volume. a(o) is thus proportional to the shapefunction f(o) [4] , (3) . The insert partly visualizes the content of this line : At low temperature, transitions take place from the lowest vibrational state ( A, ) in one of the wells to those in the neighbouring one, I p ).
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The relative intensity of the transitions is given by the vibrational overlap I ( A, I p ) 12, known to be a Poisson distribution (4) (I). The highest vibrational overlap is at tio = 4 EJT ('). This corresponds to a vertical (Franck-Condon) transition in the diagram. For strong coupling, the Poisson distribution can be approximated by the Gaussian, ( 5 ) , of width w, (6). The discrete spectrum implied by the 6-function (3) will be smoothed by phonon dispersion and lifetime broadening.
The intensity of the transitions is given by the electric dipole matrix element, (7) . It is approximately proportional to the ,distance between initial and final sites, I, and to J'. In a classical picture, the denominator BE = E+ -E-is equal to tiw. The electronic transition probability is therefore proportional to w -~. With lines 2 and 5 the result in line 10 is found. Its frequency dependence agrees with the exact small polaron result [5, 61 (3) . Optical absorption by small polarons is thus characterized by very broad intense bands.
The above results offer a possible interpretation of the optical absorption of the E; centre in crystalline or glassy SiO,. It is characterized by a band peaking near 220 nm, with sizeable variations in position depending on material source and centre preparation. These changes can be attributed to perturbations of the centre by defects or different environments. In previous publ~cat~ons [8] the frequency dependence of' the electronic transition dipole element was not taken into account. the absorption was therefore predicted to be a factor w Z too high.
-merits [9] . The low energy wing of the band is well reproduced ; deviations at high energies are often observed in small polaron absorption and can be attributed to charge transfer transitions from valence states. From the peak position a binding energy of 1.4 eV is derived, of the same order as a theoretical prediction, 2.6 eV [I], and of nearly the same size as in other polaron cases involving bonding states (see below). Since the stabilization of the centre does not work against valence forces (Fig. 2) but essentially only against angular forces, the effective vibrational frequency probably is so low.
3. Small polarons bound in octahedral symmetry. - Here a carrier can choose between more than two equivalent sites. The examples most intensively studied are the V--centres in the alkaline earth oxides [lo] : under suitable irradiation, holes are trapped near cation vacancies. By symmetry, the situation is identical, e.g., to that of F-centres in alkali-halides : carriers subject to a cubic field due to defect and crystal. The different dynamics, however, lead to broken symmetry in the present case : a hole is localized at one of the six 02-ions surrounding the vacancy, reducing the symmetry to C,,.
In principle, the formulation of the present PJT problem is the same as that given in figure 3 . The higher symmetry and number of states, however, cause complications [8, 111 . The interacting vibration mode, e.g., now has three components, Q,, Q,, Q, and there are three tunneling levels, T:, rQ, f :
. Figure 6 shows a visualization of the resulting potential wells (given as spheres of constant energy) and a cut of the E-Q manifold along the distortion direction. Here, the important difference to the two-well system can be seen. The equivalence of the four final states at the equatorial ions leads to a splitting into three levels ; one of them can be reached with light polarized perpendicularly to the centre axis (o), gne of them with n-light. This splitting has been identified with electric field induced dichroism measurements by Rose and Cowan [12] . Figure 7 shows a comparison between theory and experiment [13] . An unambiguous breakdown of the absorption into its component bands is not yet possible because the overlap of charge transfer bands at higher energies cannot be analysed so far. Their presence is indicated by the MCD of MgO : V-which extends up to 4 eV [14] . Using ELDOR, Rius et a/.
[I 51 have determined the ground state resonance integral J,, = J e -~'~ of MgO : Vto be 0.8 x eV. This is in excellent agreement [8] with the parameters following from the optical absorption.
In general, the relation between peak and binding energies depends on the topology of the E vs. Q manifold which is connected to the symmetry of the defect centre in real space. Given the same EJTr in a two-well system the absorption peaks at twice- the energy of the lowest absorption in a six well cubic system. This, e.g., puts the absorption of SiO, : E; into the UV. (Fig. 8b) . Transitions to these levels are polarized parallel and perpendicularly to the centre axis. Figure 8d compares theory with experiment. The polarization information was available without external perturbation, since Be0 crystallizes in the wurtzite structure which localizes the hole at the axial site. a-absorption is well described by the small polaron model ; at E I c there is a discrepancy at Iow energies. This is attributed to internal pZ + p , , p, crystal field transitions at the site of the hole, indicated in figure 8c to be strictly o-polarized. Such crystal field transitions have formerly been invoked to explain the entire absorption of such systems. It is seen that they constitute at most a small part of the total optical density. This is also supported by recent theoretical treatments by Norgett et al. [18] and Harding [19] .
The systems treated so far are characterized by o-bonding, i.e. the carriers forming the polarons are situated in orbitals pointing along the bond directions. There are, however, also important examples, where z-bonding is involved. The most conspicuous one is the SiO, : A1 centre [20] responsible in part for the coloration of smoky quartz. The dominating part of its absorption was shown to be correlated to the ESR of this centre. Its features are characteristic for small polaron bands in tetrahedral symmetry [20a] .
The maximum corresponds to an EjT of 1.07 eV ; the width can be partly attributed to unresolved excited state splitting. With the Si02 : [A]]' centre Volger and coworkers observed dielectric relaxation [21] and paraelectric resonance [22] . opt atten. G l a s s f i b e r t r a n s i e n t a t t e n a f t e r 9 0 0 r a d X 10 5. Applications. -Small polaron effects due to defects (or free carriers) apparently are met rather often in ionic compounds and especially in oxide materials [24] . Consequently, whenever such compounds are used in an application, one has to be aware of the presence the respctive features. This is especially the case for optical applications, since here the intensity of small polaron absorption and their possible range in the electromagnetic spectrum (starting from UV (SiO, : E',) and rangillg to microwaves (paraelectric resonance and relaxation)) might make them important. I shall list four examples which we have studied : 1) , UV-induced coloration of the laser host YAIOJ [25] .
2) Radiation induced optical attenuation of glass fibers. Figure 9 shows a typical transient coloration of glass fibers [26] under ionizing radiation fitted with an absorption band expected from a small polaron model. It is known that under such treatment many oxygen hole centres are present in Si02 related glass [27. some of them of a similar structure as in smoky quartz. Fig. 9 . -Transient attenuation of a glass fiber after a pulse of 900 rad. X-rays (after Ref. [25] ). A polaron fit, based on a tetrahedral model, is obtained with E,, = 0.93 eV, Roo = 0.086 eV; excited state splitting not considered.
3) X-ray induced photovoltaic effect in undoped LiNb03 [28] .
4) Electrochromic coloration of WO, [29, In the systems described by you the electron-I agree. These were the crudest models possible. phonon coupling is very strong and the minimum Maybe higher order coupling can be handled at least extends (as in the case of quartz) as far as 10 times in the two-well case. the zero point motion amplitude. Would not one need to take higher order coupling into account ?
